Abstract-The selection of the temperature sensor in the cryogenic system depends on the temperature range, shape and accuracy. The accuracy of the temperature sensor is essential to improve the reliability of experiment. We have developed the variable temperature cryostat using a two-stage cryocooler. In order to reduce heat load, thermal shield is installed at the first stage with MLI (Multiple layer insulation). We have also developed the sensor holder calibrating more than twenty sensors at the same time for saving time and money. The system can calibrate sensor at variable temperature by controlling electric heater. In this paper, we present design and fabrication of variable temperature cryostat and representative result of Cernox sensor calibration.
INTRODUCTION
The selection of the temperature sensor in the cryogenic system depends on the temperature range, shape and accuracy of the sensor. The accuracy of the temperature sensor is a very important factor for the reliability of experiment. Cryogenic temperature sensors can be divided such as thermocouple, temperature-resistor, and RTD (Resistance temperature detector). The RTD sensor is most commonly used in cryogenic cooling system for accurate temperature measurement because of a high stability, accuracy and wide temperature range. The Cernox sensor is not affected by magnetic field but price is high comparing to PT sensor. Furthermore, precisely calibrated Cernox is much expensive.
In the study of Szmyrka-Grzebyk [1] , RhFe (Rhodiumiron) sensor was calibrated using the cryogenic gas such as hydrogen, neon, oxygen and argon gas. For RhFe calibration liquid nitrogen and liquid helium were used as a heat sink in study of Rickeston [2] . In case of Kamran's [3] , the temperature sensor for the smart complementary metal-oxide semiconductor was calibrated using PT sensor as a reference sensor and it was dipped in the oil which had a good thermal conductivity. If the sensor is calibrated using the cryogenic fluid or gas, accurate temperature calibration is possible at a certain temperature but temperature range is limited. Also, liquid helium and liquid nitrogen are not suitable for a long term experiment because of boil-off.
In this study, we developed compact and cost effective variable temperature cryostat for cryogenic temperature sensor calibration. A cryocooler is used as a heat sink instead of cryogenic fluid or gas, so we can obtain wide temperature range and can run continuous experiments for the verification of accuracy and repeatability. Also we optimized the system in order to minimize the heat load into the system and obtain calibration data at the lower temperature than liquid helium. The design, fabrication and test results of the system are presented.
DESIGN OF CRYOSTAT
The schematic diagram of variable temperature cryostat is shown in Fig. 1 and the detailed drawing is shown in Fig.  2 . In order to reach lower temperature range, heat load from outer vacuum vessel to sensor holder located at the second cooling stage of cryocooler has to be minimized.
The heat load is mainly occurred by conduction, radiation, gas conduction and heat generation of instrumental wire. Thermal anchor of instrumental wire and two thermal shields with MLI are employed in this system to eliminate unwanted heat load into the sensor holder. 
Conduction heat transfer
For the temperature sensor calibration, reference sensor and heater are needed, so wires for sensor and heater are required. Although diameter of wire is small but temperature differences between high temperature part (T 2 ) and low temperature part (T 1 ) is very large, so we have to consider the conduction heat transfer (Q k ) through wire. Q k is calculated by following equation [4] ,
where N is number, A is cross-sectional area and L is length of wire. In Eq. (1), k(T) is temperature-dependent thermal conductivity.
Radiation heat transfer
The radiation heat transfer (Q r ) emitted from surface of material is as following [4] ;
where σ, ε, A 2 , A 1 and F 21 are the Stefan-Boltzmann constant, emissivity, surface area of vacuum vessel, surface area of thermal shield and the shape factor, respectively.
Residual gas conduction
During the experiment, inside of vacuum vessel is maintained high vacuum but gas conduction (Q g ) is occurred by residual gases in the vacuum vessel. The Q g is calculated by following equation [5] ,
where M is the molecular weight, γis the ratio of specific heats of the gas and R is the gas constant. a 0 is related to the individual accommodate coefficient a 1 and a 2 and the areas A 1 and A 2 of the two surfaces. P is pressure of gas. In Eq. (3), a 0 and T ave are calculated by following Eq. (4), and (5).
Heat generation of instrumental wires
Manganin wire which has a low thermal conductivity was used as an instrumental wire of sensor. But manganin wire has high resistivity, so we have to consider the heat generation of sensor and instrumental wire (Q h ).
where N is number of wire and sensor, I is current, ρ is resistivity of instrumental wire, L is length and A is cross-sectional area of wire.
Heat load at first stage
The heat load of the first stage of system was predicted using Eq. (1)- (6) . The specification for heat load estimation is summarized in Table І . Fig. 3 shows the heat load contributed by each cryogenic load as a function of temperature for first stage. As thermal shield temperature decreases conduction, radiation and gas conduction increases. But only heat generation of instrumental wire is getting decrease.
When temperature at first stage is 28 K, the amount of conduction, radiation, conduction by residual gas and heat generation of instrumental wire are 1.07, 2.66, 0.17 and 0.18 W, respectively. So, total amount of heat load at first stage is 4.1 W.
In order to minimize radiation heat load, which is the largest part of total heat load, thermal shield and MLI are installed. Fig. 4 shows the radiation heat load depending on the number of MLI at the temperature range 28-300 K. The emissivity of MLI was 0.018 [6] and the shape factor in this estimation was 1 [4] . As shown in Fig. 4 , the radiation heat load decreases as the number of MLI increases. When the numbers of MLI are 0, 1, and 20, radiation heat loads are 2.66, 1.11 and 0.09 W, respectively. However, the number of MLI is over 20, the decreasing rate becomes significantly small. So, 20 layers of MLI are installed between radiation shield and vacuum vessel. The total amount of heat load at first stage is 1.52 W. , approximately 20.8 W heating power is needed in order to make 45 K at the second stage when the first stage is 0 W. As described earlier, the total heat load at first stage is 1.52 W, so, 21 W of heating power is actually needed to make a second stage of cryocooler 45 K, indicated as dotted line in Fig.5 . The heater made of AWG (American Wire Gauge) 36 manganin wire was used for temperature control of system.
Heat load at second stage
The heat load at second stage of system was predicted using Eq. (1)- (6) and Table І . Through the heat capacity map of cryocooler [7] , the temperature at first stage is not much affected by the amount of heat load at second stage. So, the temperature at first stage is predicted 27-28 K. Fig.6 shows heat load at second stage. When temperature at first stage is 28 K and temperature of sensor holder is 3 K, the amount of conduction, radiation, conduction by residual gas and heat generation of sensor and instrumental wire are 0.088, 0.015, 0.185 and 2.459 mW, respectively. So, the total heat load at second stage is 2.747 mW. In the result of the estimation, heat generation of sensor and wire is the largest because manganin wire has high resistivity and small cross-sectional area comparing copper wire. Fig.7 shows the photo of the assembled variable temperature cryostat and picture of 3D-modeling. The vacuum vessel is divided into two parts for the convenience of assembling. A cryocooler is mounted directly at the bottom plate of vacuum vessel and a number of vacuum connectors are installed for temperature measurement, heater control and data acquisition. In order to reduce the heat load of system, two thermal shields were installed at first and second stage cold head of cryocooler. The sensor holder is thermally connected to the second stage cold head of cryocooler and thermal greases is inserted between sensor holder and second cold head for good thermal conduction. 
FABRICATION

TEST RESULTS AND DISCUSSION
During the experiment, inside of vacuum vessel is maintained high vacuum condition (5x10 -6 torr) for minimize gas conduction. Three Cernox sensors commercially calibrated from manufacturer are installed at second stage cold head (CX1), bottom of sensor holder (CX2) and top of sensor holder (CX3) for temperature measurement. First, the system was cooled to lowest temperature and sensor holder is heated up to near 45 K. Secondly, the heater was turned off to reach the lowest temperature again. This process is carried out several times in order to improve the reliability and repeatability of calibration and then final warming up is followed. During the calibration process, resistance and temperature were measured when temperature of sensor holder reached steady state and we assumed that steady state was obtained when temperature change rate was less than 0.01 K/min. Fig. 8 shows the temperature history of CX1, CX2 and CX3 during cool-down, heating up and second cool-down. It took approximately 130 minutes for the second coldhead to reach lowest temperature, approximately 3 K. The average temperature difference between CX2 and CX3 was less than 0.02 K during all calibration process. The temperature differences between CX1and CX2 was 0.02 K at the lowest temperature and as the amount of heating power increases, temperature differences increases. In case of No.2 sensor, the error was approximately 0.01-0.06% comparing to reference data. The resistance of l62.07 Ω was measured at liquid nitrogen temperature and the error was less than 0.04%. Fig. 9 shows measured resistance of sensor No.1 below 55 K. Through these results, we obtained the unique equation and coefficients of No.1 sensor and presented in Fig. 9 .
CONCLUSION
The variable temperature cryostat using two-stage GM cryocooler has been developed. The temperature range of system is 3-305 K. An optimized design process is performed to minimize the heat load at the sensor holder for more wide and low temperature range. Also, cryostat was designed for continuous operation in order to improve the reliability and repeatability. In the temperature calibration results, the error of accuracy was 0.06% and repeatability was less than 0.03% comparing to the reference data below liquid nitrogen temperature.
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